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A. Nanoparticles: Introduction 
During the past few decades, the field of chemistry has seen a new area emerge 
known as nanoparticle/nanomaterial research. It could be said that this new field gained 
recognition when Arnim Henglein wrote the first review on these materials in 1989.7 In 
this paper, Henglein states: " By 'small particles' are meant clusters of atoms or 
molecules of metals and semiconductors, ranging in size from <1 nm to almost 10 nm or 
having agglomeration numbers from <10 up to a few hundred, i.e., species representing 
the neglected dimension between single atoms or molecules and bulk materials". Initially 
starting out with colloidal semiconductor and metals, this field has now branched out to a 
variety of other fields. 1'2'3'4'5'6'7 
The NPs have the same interior geometry as a known bulk material, yet exhibit 
variations in their phase transition pressures, melting points, optical, optoelectrical, 
catalytic, magnetic and electrical properties with size. 4 The important effect seen in the 
case of NPs is know as the quantum size effects which is due to changes in the density of 
electronic states with particle size. 1 Thus, nanocrystals can be said to represent a new 
class of materials with a hybrid molecular and bulk properties. 1'4'7 
B. Applications of nanoparticles: 
Nanoparticles of a variety of materials ranging from metals,8 metal oxides,9 
polymers10 and metal chalcogenides 4'6' 13' 14' 15' 16 in a wide range of sizes have been 
synthesized and characterized. But the semiconductor chalcogenide NPs are the one for 
1 
which the quantum confinement or quantum size effect is most pronounced and has been 
extensively studied. The ability to control the properties of the materials by controlling 
the size of the NP has lead to wide variety to applications for the nanomaterials. The 
fields of applications are very diverse, from materials chemists to biochemists.1'4 Going 
into the details of all the applications is beyond the scope of this work; here, they will be 
discussed briefly. 
1) Catalysis: NPs find applications as sensitizers and catalysts for photochemical 
reactions as a result of the small size, which results in a high surface area-to-volume 
ratio. The size quantization effect results in formation of different energy levels as 
compared to bulk material. Upon light absorption, the charge carrier migrates to the 
surface to these new levels where they can reduce or oxidize surface-bound chemical 
species. A number of studies on this type of chemistry have been reported. It has been 
reported that ZnS NPs have been used for the oxidation of alcohols and the reduction of 
CO2 to formic acid. 17 There have been reports of hydrogen production by illumination of 
aqueous colloids of PbSe (50 A) or HgSe (50 A) 17 particles; a reaction not observed 
when bulk PbSe is used. Similarly, CO2 reduction to formic acid, from CO2-saturated 
aqueous solutions has been reported to occur in the presence of CdSe (50 A), whereas no 
reaction is observed if larger particles are used. 17 There has been great interest in the use 
of Ti02 NPs as sensors, for the detection of 0 2, N02, and organic molecules. 18' 19 The 
selectivity of the sensor depends on the method used to produce Ti02 NPs, with the 
efficiency of the chemical sensor increasing as particle size decreases. 
2 
2) Biological: A new direction of NP research that has received a lot of attention lately is 
the conjugation of biological molecules such as antibodies and peptides 11 on the surface 
of semiconductor and metal NPs. Depending on the method of synthesis, nanocrystals 
can have a hydrophobic, hydrophilic, cationic, anionic, or neutral faces to the surrounding 
environment for the required applications. Therefore, NPs can be considered as groups 
that resemble proteins and can undergo chemical reactions similar to proteins. 20 
Biomodified NPs have also been used for luminescence tagging,20 drug delivery, 12 and 
for assembling hybrid protein - NP units. 12 Semiconductor quantum dots (CdS, CdSe, 
CdSe/ZnS) are becoming favored as robust luminescent probes for biological 
applications.2° CdSe-CdS core-shell nanocrystals enclosed m a silica shell has been 
reported as a potential biological staining material.20a Since the semiconductor 
nanocrystals have narrow, tunable, symmetric em1ss10n spectrum and are 
photochemically stable, they are suitable fluoroscent probe over the conventional 
fluorophores. 20 
Another potential application for NPs is as a drug delivery agent for cancer 
treatment. Isotopes of 67Cu, 111In, 212Bi, 213Bi, 186Re, 153Sm and 90Y have been used for 
cancer treatment.21 The present methodology involves the use of a chelating agent to 
couple the radioisotope to the antibodies, which specifically target the tumor cells. One of 
the disadvantages of using chelating agents is the weak bond between the chelate and the 
isotope, which results in easy release of the isotope in the body before reaching the tumor 
cells. This is not a desired property since the radioisotopes are not specifically targeting 
the tumor cells. Since, NPs forms a strong bond with the antibodies they can be used 
instead of the chelating agents to make the radioisotopes specifically target the tumor 
3 
cells. In principle, NPs made with the radioisotopes can be conjugated to antibodies 
instead of the chelating agents and introduced in the human body to specifically target the 
tumor cells for cancer treatment. 
3) Optoelectronics: Electroluminescent materials have been made usmg NPs and 
semiconducting polymers. Light emitting diodes have been fabricated from a hybrid 
cadmium selenide nanocrystallites and semiconducting p-paraphenylene vinylene (PPV) 
mateial. 24 The color of emission is dependent on the size of the nanocrystal used. The 
importance of these kinds of devices is the degree of voltage tunability with the size of 
the nanocrystal. Mn2+ doped ZnS is another important electroluminescent material that is 
extensively used in the electronics industry.23 The Mn2+ can be introduced either as a 
doped ZnS:Mn (interstitial Mn2+) or activated ZnS:Mn (surface Mn2+) particles. A design 
for a solid-state laser, based on the luminescence properties of metal chalcogenide 
quantum dots (CdSe, CdTe, ZnSe, ZnTe), in a host material such as poly (methyl 
methacrylate) has been described recently in the literature.24 The wavelength of the 
emitted light is determined by the size of the nanocrystallites chosen. 
4) Energy Conversion and Storage. Gratzel and co-workers 25·26 reported the 
construction of a novel solar cell device, based on the sensitization of highly porous 
nanocrystalline Ti02 with organic dyes. Another semiconductor nanocrystalline material 
of interest for thin film solar cell device is CdTe 27a, suitable as a light absorber. 
4 
C. Synthesis of Nanoparticles: 
One of the fundamental challenges in the study of NP is their synthesis. The 
synthesis and characterization of these NPs can be an involved and complex task. There 
are a variety of methods to make these NPs, each with its advantages and limitations. 
Considering semiconductor NPs, some of the desired properties include narrow size 
distribution, good crystallinity, and high luminescence quantum yield. 
1) Reverse-micelle method: In this method of synthesis, a microemulsion is first made 
by dissolving the surfactant Aerosol-OT (AOT) in heptane, followed by the addition of 
water. An aliquot of the metal salt is added to this microemulsion and then the solution of 
sulfide or selenide, depending on the type of semiconductor NP being synthesized. 28• 29• 30 
This is illustrated in Figure 1. The size of the colloid so obtained depends on the "water-
pool" size, governed by the ratio (co) of AOT/H20, as well as the 
East rnixio!l> 
Figure 1. Reverse micelle synthesis of semiconductor NPs 
(Adapted from reference 28) 
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ratio of metal ion/AOT. The drawback of this method is the difficulty in controlling the 
size of the "water pool" and hence the size of NP formed. Examples of semiconductor 
colloids synthesized by this method are CdS, CdSe and ZnS.28' 3o, 31 
2) Sonication: Ultrasound has been used to synthesize nanocolloids from powdered bulk 
semiconductor materials. 32'33 The procedure involves dispersing the semiconductor 
material in water (or suitable solvent) and introducing it in a sonicator in an atmosphere 
of H2. Hydrogen acts as a scavenger of OH radical that is formed from water and thus 
prevents the degradation of the formed colloidal NP. The main drawback of this method 
is the difficulty in controlling the size of the formed nanocolloid. MoS2 and WSe2 are 
examples ofNPs synthesized by this method.32,33 
3) Capping agent or wet-chemical route: In colloidochemical route, the precipitation 
reaction is carried out in homogeneous solution in the presence of the so-called 
stabilizers.6·13' 16'34 The stabilizers prevent the colloids from agglomerating or growing 
further, thus allowing the particles to remain in solution. Stabilizers generally used are 
thiols, polyphosphates, sulfonic acids, trioctyl phosphine (TOP) and trioctyl phosphine 
oxide (TOPO). A typical synthesis is illustrated Figure 2. To synthesize a metal sulfide 
NP, the metal salt ( chloride, acetate, perchlorate) is first dissolved in water followed by 
the addition of a stabilizer. The pH is adjusted to a suitable value and the chalcogen 
source (hydrogen sulfide, sodium sulfide, hydrogen telluride, thiourea, selenourea) is 
rapidly injected. Depending on the source of chalcogen, the reaction mixture might be 
heated. The NP stays in solution and can be precipitated as a powder by a variety of 
solvents such as acetone and alcohols. The advantage of this type of preparation is its 
versatility. A variety of semiconductor 35'36 NPs (CdS, CdSe, ZnS, HgTe), metal oxide 9 
6 
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Figure 2. Colloidochemical synthesis of semiconductor NPs 
(Ti02, Sn02) and metal 8 NPs (Pt, Pd, Au, Ag) have been synthesized by this method. 
The versatility of this method lies in the ability to control the size of the nanocrystal 
formed. This is accomplished by changing the metal ion to stabilizer ratio, pH, starting 
materials, chemical structure of stabilizer molecule, solvent, reaction atmosphere, heating 
temperature and heating time. Most of the syntheses are done in relatively low 
temperature and this could lead to formation of defects in the structure, resulting in poor 
crystallinity of the sample.5 This form of synthesis is also not applicable to moisture 
sensitive materials like GaAs and InSb. 
4. Sol-gel methods: This method is used to synthesize metal oxide NP like Ti02 and 
Fe20 3.22 In a typical synthesis, the metal salt (chloride or isopropoxide) is dissolved in 
ethanol and ammonia is added to help the hydrolysis to form the corresponding 
hydroxide. The resulting sol is generally dried in air or under inert atmosphere to form 
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the gel. The product may be subsequently calcined at higher temperatures to improve the 
mechanical properties of the nanostructured materials. This method has also been used to 
incorporate semiconductor NPs like CdS and CdSe in the framework of the glass or Ti 0 2• 
The limitation of this method is in the inability to produce NPs other than metal oxides 
and the difficulty in controlling the size of the resulting metal oxide NPs. 
5. Syntheses in a structured medium: A large number of matrices such as zeolites,37'38 
layered solids,39 molecular sieves,40 micelles,41 gels,42 polymer,43 and glasses 44 have been 
used to synthesize semiconductor nanoparticles. The matrices limit the size to which a 
nanocrystallite can grow. One example of the synthesis of CdS nanocrystallites in a 
structured medium, namely zeolite, is mentioned below. Zeolites are aluminosilicate 
f 
materials with pores and channels that are very small (in nanometer regime) and have 
been used to synthesize NPs. To prepare NPs encapsulated in zeolites,37 the sodium salts 
in the zeolites are first ion-exchanged with the cadmium salt. This is then calcined in a 
nitrogen atmosphere, followed by a flow of hydrogen sulfide at controlled pressure and 
flow rate. The excess hydrogen sulfide is evacuated. Generally a 1: 1 metal to sulfur ratio 
and a low loading level (1 %) of metal is used, but levels up to 28 % have been 
reported.37 The presence of matrix greatly complicates optical studies and hence the 
utilization of NPs. Since the matrixes have pores and channels of various sizes, it 
broadens the NP size distribution during the synthesis. Examples of NPs prepared by this 
method include CdS, CdSe and ZnS. 37, 38 
There are a few post-synthesis procedures that can be used to further purify the 
prepared NPs. They are size exclusion chromatography,45 gel electrophoresis 46 and size-
8 
selective precipitation 6 to name a few. Thus, limitations in one method of synthesis can, 
to some extent be overcome by these post-synthesis techniques. 
D: Characterization: 
The synthesized nanoparticles are characterized by standard procedures to 
elucidate the structure, optical and surface properties. Size, morphology and crystallinity 
can be found from the transmission electron microscopy (TEM) 13' 14,1 6,47 and X-ray 
diffraction (XRD) 6,33 ,47 data. Surface properties can be investigated using X-ray 
photoelectron spectroscopy (XPS) 48 and nuclear magnetic resonance (NMR) 
techniques.49,50,51 The optical and electronic properties are studied by UV-vis 
b b 6 13 16 45 l . 36 47 52 53 54 d · l d h 1 · a sor ance, ' ' ' ummescence ' ' ' ' an time reso ve p oto ummescence 
(TRPL) experiments. 36•50•51 
D.1 Transmission electron microscopy (TEM): 
The most direct way to determine the size of nanoparticles is by analyzing the 
TEM images.2' 16,47 This technique also allows imaging of individual crystallites and the 
development of a statistical distribution of the size and shape of the particle in a given 
sample. This is clearly seen in Figure 3. High magnification imaging with lattice 
contrasts allows for the determination of individual crystalline morphology. TEM can 
also be used for observing the ordering of crystallites into secondary structures. Electron 
microscopy is generally coupled with EDAX (Element Detection and Analysis by X-
rays) measurement to determine the composition. 15•16 The main limitation of TEM for 
determining the size ofNPs is that the results are inconsistent and not reliable for small 
sized clusters.6 This can be overcome by using small angle X-ray diffraction techniques. 
9 
10nm 
Figure 3. HRTEM images of a) CdSe NP and b) CdSe/ZnS core-shell NP 
(Adapted from reference 47) 
D.2 X-ray diffraction or powder X-ray powder diffraction (XRD): 
This technique is used to estimate the size of small NPs, which is difficult to 
approximate from the TEM technique. XRD can be used to determine the crystallinity 
and the crystal phase of the NPs.6'33 The peak angle maxima can be converted to the 
nearest neighbor distances of the clusters in the powdered samples using the Bragg 
equation: 
2d sine= nA 
where e is the angle of incidence or the Bragg angle, A is the X-ray wavelength and dis 
the distance between the adjacent planes, also known as the d-spacing. These distances 
can be used to measure the mean particle size, taking into account the ligand shell. 
The particle size is determined using the Scherrer formula: 
t = 0.9 A I B cos 8s 
10 
2 3 4 5 6 .7 ,. 9 W 
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Figure 4. X-ray diffraction 1) small angle and 2) wide angle pattern of 1-thioglycerol 
stabilized CdS nanoparticles (Adapted from reference 6) 
where tis the thickness of the crystal (in angstroms), A the X-ray wavelength and 8r3 the 
Bragg angle. 
Due to the small particle size, the diffractograms exhibit very broad diffraction 
peaks and this is typical for particles of such small sizes. The appearance of a reflection 
maximum in the small-angle region of the X-ray diffraction patterns is due to the 
periodicity of their arrangement. The appearance of such peaks provides further 
confirmation for the narrow size distribution of the particles. In case of large particles, 
the crystalline structure can be readily derived from the diffractograms as seen in Figure 
4. 
D.3 Nuclear Magnetic Resonance (NMR): 
NMR has been used to study the surfactant molecules absorbed on the NP surface 
and this in tum is useful to understand the structure of the NP. 1H, 13C, 31P, 113Cd NMR 
techniques49'50'51 both in liquid state and solid state have been used. In general, 
homogeneous broadening of the lines is observed in NMR spectra of the molecules 
11 
bounded to or absorbed on the surface. The broadening is rationalized as slowing down 
of the molecule tumbling motion at the surface, low motional average and fast f 2 
relaxation. Thus, NMR can distinguish the molecules that are attached to the surface 
from molecules that are free in solution. 
Surface coverage of the organic molecule on the NP can be quantified by 
comparing the integrated signal of the stabilizers with that of an internal standard of 
known concentrations. The broadening effect and the chemical shift may or may not be 
dependent upon the particle size, which can be determined by the nature of the capping 
agent. For example, in the case of thiophenol stabilized CdS NPs 49, the NMR signals of 
the aromatic ring has been used to investigate the surface as shown in Figure 5. It can be 
seen that as the size decreases, the surface area and hence the surface coverage increases. 
The ring molecules experience more steric hindrance and faster T 2 relaxation. As a 
result, there is an increase in the signal intensity with decreasing size. In addition to the 
increase in signal intensity of the thiophenol signals there is also size dependence of the 
line widths of these peaks. This broadening of the signals is homogeneous as a result of 
changes in the mechanism of motional narrowing of the lines. The selective transverse 















Figure 5. 1H NMR spectra of solutions of thiophenol stabilized CdS nanoparticles of 
different sizes. The arrows indicate the thiophenol resonance. 
( Adapted from reference 49) 
D.4 X-ray Photoelectron Spectroscopy (XPS): 
XPS measurements have been used to study the atoms on the surface of the 
nanocrystals.48 Typically, a few layers of the NPs are coated onto a Si or Au substrate and 
introduced into XPS chamber for measurements. It can be seen in the XPS spectrum in 
Figure 6a the presence of Au from the substrate, Cd, Se, and P from the nanocrystals and 
13 
the surfaces, and C and O from the nanocrystals surfaces and from the adsorbed gaseous 
molecules. The spectrum also gives an idea on the coverage of the surface- when 
Cd 3d signal is larger than that from Au 4f signal which indicates a uniform monolayer 
900 -;--------=-:--:-:-------
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Figure 6. XPS survey spectrum of (a) TO PO-stabilized CdSe nanoparticles bonded on 
gold using Mg X-ray source and (b) close up of the lower binding energy area 
(Adapted from reference 48) 
14 
on the surface. High-resolution survey Figure 6b of the samples shows no peaks other 
than Cd and Se cores. The peak position of Cd 3ds12, Se 3d and the difference between 
these peak positions can be used to characterize the surface of the nanocrystallites. The 
peak area of Cd and Se cores can be measured and used to calculate the ratio of Cd:Se in 
a given crystallite. The XPS signal of the stabilizer molecules can also be seen and is 
used to determine the extent of coverage of nanocrystallite surface with the stabilizer 
molecules. For example, in the case of TOPO covered CdSe NPs,48 the ratio of Cd: P 
signal is used to determine the surface coverage of ligand. 
D.5 UV-vis spectroscopy: 
The most characteristic feature seen in the UV spectrum ofNPs is the blue shift of 
the absorption band as compared to the bulk semiconductor, which is consistent with 
widening of the band gap in quantum confinement.6•13 ,1 6 This is clearly demonstrated in 
Figure 7a, where the absorption of CdS, CdSe and CdTe are shifted dramatically from the 
512, 716 and 827 nm bulk band gaps, respectively.5•6 This well-developed maximum near 
the onset of absorption is ascribed to the first excitonic transition, and other peaks in the 
spectrum correspond to higher energy transitions. Another observation from the UV 
spectrum is the evolution of optical spectrum with size. This is seen in Figure 7b for the 
trioctylphosphine/trioctylphosphine oxide (TOP/TOPO) stabilized CdSe crystallites 
ranging from - 12 to 115 A in diameter. 13 It can be seen that with decreasing particle size 
the transition energies shift to higher values. The series span a range of sizes, from near 
molecular species containing fewer than 100 atoms to fragments of the bulk lattice 
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Figure 7. Optical absorption spectra6.{If~Vfsemiconcluctor nanoparticles. a) 20-30 A 
diameter CdS, CdSe, and CdTe nanocrystals. b) TOPO stabilized CdSe 
nanocrystals ranging in size from- 12-115 A (Adapted from reference 13) 
D.6. Luminescence 
One of the characteristic properties observed in semiconductor NPs is 
luminescence. Luminescence property, like the UV-vis absorption, is size dependent. As 
the particle size increases, the luminescence peaks are red shifted.6•13•55 This is clearly 
seen in Figure 8. Semiconductor NPs generally exhibit two kinds of luminescence peaks, 
excitonic emission and trapped emission. The general opinion on the origin of the 
excitonic emission is due to thee· - h+ recombination, which is red shifted with respect to 
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Figure 8. Luminescence spectrum ofCdSe/ZnSNPs stablilized by TOP/TOPO. 
(Adapted from reference 52) 
defects. Semiconductor NPs synthesized either have both the excitonic and trapped 
emission peaks or one of them, depending on the material and method of preparation. For 
example, citrate stabilized CdS NPs synthesized in our lab show a strong trapped 
emission peak with a weak excitonic emission band, 55 whereas similarly prepared CdSe 
NPs have a very strong excitonic emission with a very weak trapped emission. 14 
E: Surface Modification: 
The unique properties of the nanoparticles are attributed to the large number of 
atoms on the surface. For clusters in such a small size regime, a large percentage of the 
atoms are in or near the surface. For example, a 50A CdS cluster has approximately 15% 
of the atoms on the surfaces. 1'2'3'4 The existence of this vast interface between the cluster 
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and the surrounding medium can have a profound effect on the cluster properties. 
Irrespective of the synthetic route to make the nanoparticles, there are always defects on 
the surface of the NPs. This invariably leads to new levels within the energetically-
forbidden gap of the bulk solid. These levels, also known as the surface states, act as 
traps for electrons or holes and tend to degrade the electrical and optical properties of the 
material. Hence understanding the surface and modifying it will be crucial in altering the 
properties of the NPs. Surface modification 5 of the NPs can be divided into two different 
types namely, organic and inorganic based on the nature of modifying group. This is 
illustrated in Figure 9 and both of these methods are briefly described below. 
E.1. Organic capping 
Colloidal nanocrystals generally have a stabilizer molecule on the surface and this 
prevents the NP from agglomerating in the solvent. In the case of semiconductor NPs, 
CdSe has been extensively studied and CdSe stabilized by TOP/TOPO is a good example 
for demonstrating the surface modification reaction.6•13 These colloids are synthesized in 
a TOPO which acts both as solvent and the stabilizer. The NP is formed with a layer of 
TOPO on the surface, which coordinates to the Cd sites. The nanocrystals are soluble in 
nonpolar solvents, like toluene due to presence of TOPO on the surface of NP. 
Coordinating solvent, such as pyridine, can readily displace TOPO from the surface 
without affecting the stability of the NP. Thus replacing one stabilizer with another is 










(2) Cd(CH3)i + (TMS)2S 
lhot TOPO _, 
\ / "'-l/\/ 
.......____~ 0 cf __..,.. 
.~ 








Figure 9. Schematic for organic and inorganic type of surface modification of 
semiconductor nanoparticles (Adapted from reference 5) 
E.2. Inorganic capping 
· Another approach for surface modification is through the use of inorganic 
1 . 1 h . . 36 47 56 57 58 Th. f d.fi . . 1 kn th mo ecu es as t e cappmg agent. ' ' ' ' 1s type o mo 1 1cat10n 1s a so own as e 
core-shell type of modification or epitaxial deposition method. A semiconductor NP is 
first synthesized to constitute the core and on the surface of this, another inorganic 
material is grown to from a shell. The organic stabilizer molecule is now bonded to the 
metal atom on the surface of the shell. This type of modification not only allows for the 
lattice matching but also electronically passivates the surface of the NP; while at the same 
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time does not sacrifice the solubility and chemical manipulation of the NP. This type of 
modification has lead to improved properties in semiconductor NPs. One such system is 
the ZnS-capped CdSe nanocrystals 36'47, which showed enhanced luminescence quantum 
yields. Another possible application is development of faceted nanocrystals. 1'58 By 
careful manipulation, it is possible to grow a particular face of the crystal that has special 
properties. 58 
Another type of inorganic capping of NP using the core-shell methodology is the 
formation of a silica coating on the NP surface. 14'59'60 L.Liz-Marzan suggested to first 
form a NP core and on the surface of this core grow a layer of silica as a shell. 59 The 
silica shell is usually 4-5 nm thick and therefore does not compromise the optical 
properties of the NP significantly, but at the same time improves the stability of the NP. 
It is evident from the above two approaches to the surface modification of NPs, 
the metal site is the one that is primarily involved while the chalcogen atom is either not 
utilized (TOP/TOPO) or partially engaged (core-shell) in NP modification. It has been 
shown that there is a substantial energy mismatch between the surface cadmium ions and 
the conduction band of the semiconductor NPs, 77 creating energy hurdles that prevent 
effective interaction between the carrier levels. This barrier is much lower for 
corresponding sulfur and selenium sites as the energy states of surface sulfur or selenium 
atoms are partially mixed with the valence band of CdS and CdSe respectively,55'77 
making them more suitable for the preparation of conjugated electronic systems. The 
drawbacks of the conventional surface modification reactions challenged us to attempt to 
modify the surface of the semiconductor NPs via the chalcogen atoms, or E-sites. This 
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approach of surface modification is of special interest from both a fundamental and 
practical point of view. Details of this approach will be discussed in a later chapter. 
F. Purpose: 
The discussion above provided a brief account of what has been learned in the 
synthesis and surface modification of semiconductor NPs. The various synthetic 
pathways and the surface modification to enhance the luminescence properties are 
emphasized. Even though, a great deal of progress has been achieved in the preparation 
of NPs, there is always a search for new synthetic routes to achieve narrow size 
distribution and better luminescence properties. The research is divided into two main 
parts, the first part involves synthesis of NPs and the second part will cover the surface 
modification. 
In the first part, investigate new synthetic routes to make stable NPs will be 
investigate. The synthetic part of the research is divided into two parts; the synthesis of 
CdSe NPs and In2S3 NPs. The syntheses of the two systems are different due to 
difference in the number of metal and chalcogen atoms in the unit cells. This work will 
constitute Chapters II and III. 
The second part of the research involves the surface modification of the 
synthesized NPs. The surface modification reactions that have been investigated so far 
are through the metal atoms. This approach of surface modification is far from optimal to 
achieve the effective interaction with aromatic electronic systems of organic 
chromophors due to the mismatch of the electronic levels involved. ,Thus, extending the 
surface modification reaction utilizing the free chalcogen sites will be more suitable for 
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effective electronic interactions. This approach of surface modification was achieved 
using mixed ligand complexes and the results of this work will be covered in Chapter IV. 
Two NP systems with different number of chalcogen atoms on the surface were modified 
to study the effect of modification with the type of surface. The results from this work 
will constitute the final chapter. 
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CHAPTER II 
II. Synthesis of CdS, CdSe nanoparticles, RuBP complex and their characterization 
A. Introduction 
Semiconductor NPs have received a lot of attention in the study of NP chemistry. 
The compounds that have been extensively studied are the II-VI class of compounds and 
in this class, CdS and CdSe NPs are the ones for which there is a good understanding on 
the physical and chemical properties of these materials. In the case of CdS and CdSe 
NPs, the synthetic method developed by Murray, C.B., in Reference 13 is the most 
common cited paper for the synthesis of NPs. This method results in the formation of 
monodisperse, stable NPs in non-aqueous medium. The disadvantage of this method is 
the inability to transfer the NPs to aqueous medium. The dispersion of NPs in water is a 
desired property in NPs for a variety of applications. The goal of this research is to 
develop new synthetic routes to make stable, monodisperse CdSe NPs in aqueous 
medium with a narrow size distribution. 
This chapter is based on Reference 14 and 55. Tong Ni synthesized the CdS NPs 
and this work is described in detail in Reference 55 and 76. Michael Giersig at Hahn-
Meitner-Institiu, Abt. Physikalische Chemie, Glienickerstr, Berlin, Germany performed 
the TEM work. CdS NPs were synthesized as part of this research to compare the 
properties of CdS and CdSe NPs. 
B. Materials 
Cadmium perchlorate [Cd(Cl04)2.4H20](Aldrich), sodium citrate [Na3C6Hs01.2H20] 
(EM Science), thiourea [CH4N2S](Aldrich), N,N,dimethylselenourea [C3H8N2Se](Strem), 
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indium chloride [InCh.xH20](Strem), sodium sulfide [Na2S.9H20](Fluka), 
copper(I)chloride [CuCl.xH20](Strem), 1-thioglycerol [C3HsOS](Aldrich), 1-amino-2-
methyl-2-propanethiol hydrochloride (Aldrich), thioacetamide [C2HsNS](Aldrich), 2,2'-
bipyridine (Sigma), bismuth nitrate pentahydrate [Bi(N03)2.SH20](Strem), ruthenium 
chloride [RuCh.7H20](Aldrich), lithium chloride [LiCl](Sigma), copper carbonate 
[CuC03·Cu(OH)2](Aldrich), malonic acid [CH2(COOH)2](Aldrich), RhodamineB 
(Aldrich), p-quaterphenyl (Aldrich), N,N,Dimethylformamide (EM Science), pyridine 
(Aldrich), glacial acetic acid [CH3COOH](EM Science), chloroform (Fisher Scientific), 
hexane (Fisher Scientific), acetone (Pharmaco ), isopropyl alcohol (Pharmaco ), sodium 
hydroxide [NaOH](Fisher), D20 (99.9% D, Aldrich). All chemicals were of A.C.S. 
reagent grade and were used without further purification. Dialysis membranes with a 
molecular weight cut off (MWCO) of 15000Da and 2000Da (Spectrum) were used. 
Nanopure water from a Barnstead E-pure system (18.2 MO) was used in all preparations. 
C. Instrumentation 
1. UV-vis absorption. Optical measurements were performed on a Hewlett Packard 8453 
diode array spectrophotometer. All measurements were done in 1 cm quartz cuvettes at 
room temperature, using air as blank. 
2. Steady-State Emission. Fluorescence spectra were recorded on a Fluorolog-3 - Tau 11 
and Fluoromax-3 (Jobin Yvon) spectrofluorometer in 1 cm quartz cuvettes. The light 
source was a 450 W xenon lamp, the increment set at 0.5 nm and the integration time of 
0.1 sec. The slit widths for excitation and emission monochromators, expressed in band 
pass units, were adjusted from 5-10 nm depending on the sample's signal intensity. 
Emission of each batch of samples was first analyzed for different excitation wavelengths 
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to separate excitation-energy-independent peaks from excitation-energy-dependent peaks, 
namely the Raman and Rayleigh scattering. The excitation wavelength was chosen to 
minimize the interference of the latter with the luminescence signals. Optical long pass 
band filters were used to cut-off the interfering water Raman peak. Right angle 
registration mode with no intermediate filters was utilized for the measurements. 
3. Quantum yield measurement: The quantum yield of the prepared NPs was measured 
using the formula described in Reference 15: 
(j)NP = (j)s CINP/ Is) x (ODs/ODNP) 
where, NP and S stand for NPs and the standard respectively, cp stands for the quantum 
yield, I the integrated area of luminescence and OD is the optical density at the excitation 
wavelength. The standards used were Rhodamine B for CdS NPs and p-quarterphenyl for 
the In2S3 NPs with quantum yields of 1.0 88 and 0.71 89 respectively. 
4. Transmission Electron Microscopy (TEM). A Phillips CM 300 operating at 200 kV 
was used for transmission electron microscopy (TEM). The samples for TEM were 
prepared by placing a drop of the aqueous solution of NP onto a carbon coated aluminum 
grid (200 mesh). The samples were allowed to dry on the grid for a minute and then the 
excess was removed by using a filter paper. The dried grids were transferred into a 
nitrogen-filled container and then to a cell compartment of the TEM microscope, 
equipped with a Phillips EDAX 9800 analyzer. 
5. Electron diffraction. A JEOL 2000-FX scanning transmission research electron 
microscope (200k eV, bright LaB6 source) was used for obtaining an electron diffraction 
pattern. It was registered at 200,000/300,000 magnification and calibrated by the 
diffraction spacings of gold obtained at identical conditions. 
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D. Preparation of nanoparticles 
1. Synthesis of CdSe nanoparticles stabilized by sodium citrate 
This procedure is described in detail in Reference 14. In brief, in 45 ml deionized 
water, 0.05 g of sodium citrate and 2 ml of 1 x 10-2 M aqueous solution of Cd(Cl04)2 was 
added. The solution was degassed by argon gas bubbling. To this, 2 ml of freshly made 
aqueous solution of 1 x 10-2 N,N-dimethylselenourea was added and the pH adjusted to 
9.4 using 0.1 M NaOH solution. This solution was then introduced in a 1000 W 
microwave (Sharp) for 55 seconds. When the ratio of Cd2+ to Se2- was 1:1, it resulted in a 
pale brown colored solution with an absorption edge at 598 nm and a CdSe particle size 
estimated to be 46 A. Different sizes of CdSe NPs were obtained by adjusting the Cd2+ to 
Se2- ratio. The size of nanoparticles decreased from 46 A to 22 A when the ratio of Cd2+: 
Se2- was increased from 1: 1 to 30: 1. A series of CdSe NPs of different sizes were 
synthesized and is shown in Figure 10. The Se2- concentration and the pH remained the 
same in all the syntheses, but the citrate concentration was increased to 0.1 Og for the 3 0: 1 
ratio synthesis. The prepared CdSe NPs are stable for months when stored at 20° C in a 
refrigerator and protected from light. 
2. Synthesis of CdS nanoparticles stabilized by sodium citrate 
The synthetic procedure is described in detail in Reference 14 and 55. To 45 ml 
de-ionized water, 0.25 g of sodium citrate and 2 ml of 1 x 10-2 M aqueous solution of 
Cd(Cl04)2 were added. The solution was degassed by argon gas bubbling. To this, 2.5 ml 
of freshly made aqueous solution of 8 x 10-3 M thioacetarnide was added and the pH 
adjusted to 9.2 using O.lM NaOH solution. Aliquots of this solution were introduced in a 
1000 W conventional microwave oven for 55 seconds. For the 1: 1 ratio of Cd2+ to s2-, the 
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absorption edge was around 445 nm and the resulting solution is yellow in color. When 
the ratio Cd2+: s2- was 1: 1, 2: 1, 4: 1 and 6: 1, they resulted in 44, 35, 30 and 26 A sized 
CdS NPs. These are plotted in the graph as shown in Figure 11. 
3. Synthesis of Ru(2,2'-hipyridyl-N,N')2Ch (Ahr. as RuBP) and (2,2'-hipyridyl-
N,N')(malonate-O,O')copper(Il)monohydrate (Ahr. as CuBM) 
The synthesis of the RuBP and CuBM complexes was followed as described in 
detail in Reference 61 and 62 respectively. 
In brief, the synthesis of RuBP was done by mixing together 1.37 g ruthenium 
chloride, 1.56 g 2,2' -bipyridine and 1.4 g lithium chloride in 8.5 mL dimethyl formamide 
in a three-necked round bottom flask. The reaction mixture was refluxed for 8 hours at 
80° and then cooled to room temperature. 50 mL acetone was then added to this mixture. 
The solution was stored at 0°C overnight. RuBP crystals were filtered out in a crucible as 
black crystal and washed 3 times with 5 mL distilled water and ethyl ether. 
In brief, the CuBM complex was synthesized by mixing 178 mg basic copper 
carbonate, 43 mg sodium hydroxide, 83 mg malonic acid and 124 mg 2,2'-bipyridine in 
40 mL distilled water and refluxed for 3 hours. The solution was concentrated in a rotary 
evaporator until small crystals appeared. The reaction vessel was then cooled and the 
solid was allowed to precipitate. The blue crystalline product was washed 3 times in 
acetone then dried under vacuum to remove traces of solvent. The yield was 48.3%. 
E. Characterization of CdSe, CdS nanoparticles 
The synthesized NPs were characterized by the standard methods of UV-vis absorption, 
TEM and luminescence. 
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E.1. UV-vis absorption 
are: 
The main characteristics of the NPs that can be interpreted from the UV-vis spectrum 
a) well developed maximum near the absorption onset which is ascribed to the first 
excitionic transition. 
b) the transition energy shift to higher values with decreasing particle size which is 
attributed to the size quantization effect. 
c) increase in the absorption coefficient with decreasing particle size. 
These characteristics are clearly seen in the UV-vis spectrum of the citrate stabilized 
CdSe and CdS NPs in Figure 10 and 11. The step like feature of the absorption band in the 
UV-vis spectrum is attributed to the valence-to-conduction-band transition in CdS and 
CdSe NPs. In the bulk CdS and CdSe, the band gap (Eg) is reported to be 2.42 eV and 
1.73 eV respectively 5. Considering the position in the UV-vis onsets at 498 - 600 nm for 
CdSe in 5,13 FigurelO, the band-gap equals 2.49 -2.07 eV. Similarly, for CdS NPs from 
Figure 11, the absorption edge at 445 - 395 nm corresponds to band gap of2.79-3.14 eV. 
This observation indicates the strong quantum confinement of the excitonic transitions 
for the nanoparticles. It is also seen that with increasing metal to chalcogen ratio in the 
synthesis, the particle size of both CdS and CdSe nanoparticle decreases. This could be 
ascribed as the result of the increase of surface charge on the nanoparticle and the related 
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Figure 10. Optical absorption spectrum of different sized citrate stabilized CdSe. The ratio of Cd2+:se2-
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Figure 11. Optical absorption spectrum of different sized citrate stabilized CdS. The ratio of Cd2+:s2-
for the different samples was 1) 1:1, 2) 2:1), 3) 4:1, and 4) 6:1. (Adapted from Reference 55) 
The diameter of the particles was evaluated on the basis of the UV-vis spectra, 
using the correlation between the absorption onset and the particle diameter. This method 
of evaluation is based on the work of T. Vossmeyer, described in Reference 6. The size 
quantization effect was studied by plotting the band gap energies vs cluster radius. The 
experimental values of the first electronic transition energies were compared with the 
pseudopotential calculations and the results of tight-binding theory. The results showed 
that there was good agreement between the theory and experimental results. 
Based on the results from the above-mentioned work, the particle size of the NPs 
in our synthesis was estimated by comparing the absorption onset between the CdS NPs 
in Reference 6 and those in Figure 11. This is shown in Table 2 for CdS NPs. Similarly, 
the size of CdSe NPs was estimated by comparing the absorption onset in Reference 13 
and those in Figure 10. This is shown in Table 1 for CdSe NPs. This method of 
determining the size is not accurate but is still very useful to estimate the rough size of 
the NP during the synthesis. The more accurate sizes of NPs were obtained from the 
transmission electron microscopy images. There was a good agreement between the 
values in Table 1 and 2 with the values obtained by the TEM method. 14,55 
Table 1. Particle radius vs absorption edge for citrate stabilized CdSe NPs 
Abs. of CdSe (nm) 600 580 560 545 535 524 512 498 
Band gap ( e V) 2.07 2.14 2.22 2.28 2.32 2.37 2.42 2.49 
Radius (A) 23 19.8 16.9 15.2 14.3 13.2 12.3 11.1 
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Table 2. Particle radius vs absorption edge for citrate stabilized CdS NPs 
Abs. of CdS (run) 395 410 425 445 
Band gap ( e V) 3.14 3.03 2.92 2.79 
Radius (A) 13.1 14.7 17.0 21.9 
Stabilization by thiols is an established route of synthesis of semiconductor 
nanoparticles 16'6. It was demonstrated earlier in our group that there is interference of the 
modification reaction in case of thiol and phosphine stabilized colloids 55• (See, Chapter 
IV). The limitation of thiols as a stabilizer was overcome by the use of a different kind of 
stabilizer - sodium citrate. Sodium citrate has been used successfully as a stabilizer for 
CdS nanoparticles with good size control and size distribution. 14'59 Even though the 
carboxyl group does not form a strong covalent bond with the transition metal as the 
thiols do but while acting together they are able to arrest the growth of nanoparticles. The 
source of selenide was N ,N-dimethyl selenourea instead of TOP Se generally used in the 
synthesis of CdSe nanoparticles. Thioacetarnide was used as the sulfide source for the 
synthesis of CdS instead of sodium sulfide used previously. It has been reported 
previously in the synthesis of TOPO-stabilized CdSe nanoparticles that the birth of 
numerous nucleation centers simultaneously resulted in relatively narrow size distribution 
,:". h . 1 13 78 I h . . d f . 1 h . . 1or t e nanopart1c es ' . n our synt es1s, mstea o convent10na eatmg, a microwave 
oven was used to decompose the chalcogen source. The microwave assisted 
decomposition of the chalcogen source results in fast and uniform formation of the 
chalcogen ions in the solution, which promotes the crystal growth on numerous 
nucleation sites at the same time. This resulted in narrow size distribution and better size 
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control and this can be seen in the UV spectrum of CdSe and CdS NPs in Figure 10 and 
11. 
E.2. Luminescence 
The prepared nanoparticles exhibit relatively strong luminescence, as shown in Figure 12 
and 13. Optical spectra of the formed nanoclusters may be affected by the interference of 
the byproducts of the reaction. Complexes may be formed as a side product by the 
reaction of Cd2+ with the stabilizer molecules or sulfide source. Thus to verify the origin 
of luminescence, the redispersed aqueous nanocolloid solution was extensively dialyzed 
against deionized water for 36 hours (3 x 12 h). The molecular weight cut off for the 
dialysis membrane was 15 kDa, which was large enough to allow the complexes of Cd2+ 
to escape and, at the same time, small enough to retain the nanoclusters inside. The 
luminescence spectra of CdSe virtually remain the same before and after dialysis, as seen 
in Figure 14. Even though the UV-vis spectrum of CdS and CdSe look similar, the 
luminescence spectra of CdSe and CdS are very different. The luminescence spectra of 
CdSe have two distinct peaks, namely the excitonic and the red shifted trapped emission. 
The excitonic emission in case of CdS nanoparticles is seen but is significantly reduced in 
intensity when compared to the trapped emission. The quantum yields of trapped and 
excitonic emission bands of CdS nanoparticles are 6.0-7.5% and 0.10-0.15 % 
respectively. In case of CdSe, these values are 0.05-0.l % and 5.5-7.0%. Thiol stabilized 
CdS and CdSe NPs without any special epitaxial coatings have been reported to have 
· ·1 . Id 30 36 63 Th I f h . . ak h b . s1m1 ar quantum y1e s ' ' . e c oseness o t e em1ss10n pe to t e a sorpt10n onset 
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Figure 12. Steady state luminescence of citrate stabilized CdSe NPs. The ratio of Cd2+ :Se2-
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Figure 13. Steady state luminescence of citrate stabilized CdSe NPs. The ratio of Cd2+:s2-
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Figure 14. Steady state luminescence of CdSe NPs, 1) before and 2) after dialysis 
The trapped emission is typically attributed to the emission of the charge carriers trapped 
in the surface states undergoing a recombination between themselves and/or with the 
carriers on the conduction and valence bands 14,55 _ 
E.3 Transmission Electron Microscopy: 
The TEM images of citrate stabilized CdSe NPs in Figure 15 revealed that the 
nanocolloids are crystalline in nature. The diameter of NP was calculated to be 24 A. The 
diameter of the semiconductor core does not significantly change upon repeated 
redispersion. The NPs tend to aggregate on the TEM grid and the isolated spots where the 
NP did not aggregate was imaged to estimate the size of the nanocluster. 
Figure 15. TEM images of citrate stabilized CdSe NPs 
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F. Conclusions: 
A new synthetic route to the preparation of CdSe NPs was successfully attempted. 
The useful feature of sodium citrate as a stabilizer is the relatively narrow size 
distribution and !ability of the stabilizer, which has been used for surface modification 
reaction 14. The luminescence properties of the CdSe NPs are quite exceptional as they 
exhibit both the excitonic and the trapped emission bands that are not generally 
associated with these types of NPs. The major advantage of this method of synthesis is 
the relatively easy way to control the size of the NPs formed. Since all the properties of 
the NPs are size dependent, the ability to control the size during the synthesis is a very 
important property. Therefore, these CdSe NPs are quite unique and open up new 
applications for these materials. (See Chapter IV). 
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CHAPTER III 
III. Synthesis of In2S3 nanoparticles and their characterization 
This chapter is based on Reference 15. This work was done in collaborations with 
Michael Giersig at Hahn-Meitner-Institiu, Abt. Physikalische Chemie, Glienickerstr, 
Berlin, Germany and Gordon Gainer, Jin-Joo Song at Center for Laser and Photonics 
Research, Oklahoma State University, Stillwater, Oklahoma. 
A. Introduction 
Semiconductor nanoparticles that have received a lot of attention are the II-VI 
class of compounds (CdS, CdSe, ZnS, etc.) for which some understanding of the nature 
of electronic processes has been attained. In this class of compounds, there are an equal 
number of metal and chalcogen on the surface of the particle. Other semiconductor 
nanoparticles that have been studied are III-V 64'65 (InP, GaAs etc.), I-VI 66 (Ag2S, Cu2S, 
etc.), and I-VII 67 class of compounds (AgI, AgCl, etc.). All these compounds have either 
1: 1 or greater stoichiometric ratio of the metal atom to chalcogen atom in the unit cell. In 
most of these NPs, the stabilization is achieved through the use of organic Lewis bases 
such as thiols, phosphines, acids or amines as stabilizer molecules. 
There is another class of semiconductor compounds for which the number of 
chalogen atoms is greater than the metal atoms in the unit cell. Examples of such 
compounds are MoS2, WS2, ReS2, Sb2S3, In2S3 and BhS3. All of them exhibit special 
optical, mechanical, and catalytic properties. In2S3 and BhS3 in particular, are of special 
interest to us since the isotopes of these metals have been used in cancer treatment for 
diagnostics purposes (See Chapter I - Introduction). Literature search revealed that In2S3 
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and BhS3 NP have only been synthesized in the presence of polymers or in physically 
constrained environments such as porous solids and reverse micelles 68,69. The 
disadvantage of this methodology is that the polymeric matrix interferes with the optical 
properties and broadens the size distribution. The importance of chalcogen dominance on 
the surface lies in the fact that these compounds will lead to: 
(a) different photophysical behavior of electron/hole pairs in the quantum dots and, 
(b) novel surface chemistry, including new ways of building 1.nanoparticle 
supramolecules. 
Therefore, synthesis of these compounds as stable redispersible nanocolloids 
would be significant in understanding the fundamental properties of these types of 
chalcogen-rich compounds. 
The first compound to be synthesized was In2S3 nanocolloids. In addition to the 
increase in the number of chalcogen atoms on the surface, In2S3 posses some other 
unique properties: 
a) In2S3 is a case of ordered crystalline material with a large amount of vacant 
interstitial cationic sites 70'71 • Owing to tetragonal sites formed by incompletely 
coordinated sulfur atoms, indium sulfide can serve as a host lattice for a number 
of metal ions to form semiconducting and/or magnetic materials. Doping In2S3 
produces materials with exceptional optical, electrical, and magnetic properties, 
which can be adjusted not only by the particle diameter, but also by the 
concentration of the guest ion. This is in contrast to II-VI class of nanoparticles, 
which tend to expel guest ions 72,73 . 
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b) Unlike most of the semiconductors nanocolloids currently being investigated, 
In2S3 and related materials display both direct 79 and indirect 80 conduction-to-
valence band transitions, which can be observed by different modalities of UV-vis 
spectroscopy at 2.0-2.2 and 1.0-1.1 eV respectively. This opens the door for 
investigation of the effect of quantum confinement on direct and indirect 
excitonic transitions. 
c) In2S3 nanoparticle bioconjugates can have medical applications, such as in cancer 
diagnosis 21b. 
In this context, the synthesis and characterization of In2S3 and other chalcogen rich 
semiconductor nanocolloids are unique and the results of this work are discussed below. 
B. Instrumentation: 
The details of the instrumentation for the UV-vis absorption, steady state 
luminescence, TEM, electron diffraction are described in detail in Chapter II. 
Margaret Eastman (Department of Chemistry, Oklahoma State University, 
Stillwater, Oklahoma) performed the NMR measurements and the details are described in 
Reference 15. Gordon Gainer at the Center for Laser and Photonics Research, (Oklahoma 
State University, Stillwater, Oklahoma), performed the time-resolved photoluminescence 
studies and the details are described in Reference 15 and 55. 
1. Powder X-ray·Diffraction (XRD). The XRD pattern was obtained on a Bruker AXS 
D-8 Advance X-ray powder diffractometer using Cu Ka radiation, operating at 40 kV 
tension and 30 mA current. The pattern was recorded over the 28 range from 2° to 60°, 
with increments of 0.2° and a scanning rate of 4s per step. Indium sulfide NPs were 
precipitated as powder from mother liquor using isopropyl alcohol. The samples were 
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first air dried and then under vacuum to completely remove the solvent. The sample was 
finely powdered before X-ray diffraction measurements. 
2. Nuclear Magnetic Resonance Spectroscopy (NMR). J>roton nuclear magnetic 
resonance spectra were obtained on a Varian Inova 400 MHz instrument operating at 1H 
frequency of 399.96 MHz. The In2S3 NP sample was obtained by sedimentation with 
isopropyl alcohol and thoroughly washed in excess solvent. These were then dried under 
vacuum and then dissolved in 99.9% D20 to produce a clear saturated solution. Residual 
water peak at 4.80 ppm was used as an internal standard. 
3. Molecular modeling. All calculations (Semiempirical PM3 and Density Functional 
Theory) were carried out on a Silicon Graphics Octane Workstation. Spartan V5.1 
software packages were also employed. (Spartan version 5.1, Wavefunction, Inc., CA.) 
4. Time Resolved Photoluminscence: Time-resolved photoluminescence were also 
made on a Fluorolog-3 Tau 11 (Jobin Yvon), which uses cross-correlation frequency 
domain measurements of the phase shift, and demodulation factors (phase shift and ratio 
of modulated anisotropy) across a frequency range. The phase modulation method 
measures the response functions of a fluorescent sample from a sinusoidally modulated 
by a Pockels cell continuous wave source of excitation from 450 W Xenon lamp. Diluted 
Ludox dispersion was used as a scattering standard for all measurements. The lifetime of 
emission is calculated by fitting phase shift vs frequency curve by using the software 
provided by ISA SPEX for frequencies between 0.1 and 300 MHz. 
5. Ultraviolet Photoelectron Spectroscopy (UPS). The surface analytical apparatus 
consists of a ultrahigh vacuum chamber pumped by a 330-L/s ion pump coupled to a 
load-lock.chamber via long stroke manipulator. Typical base pressure is 1 x 10-5 Pa and 
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rises to 1 x 10-3 Pa during He (I) UPS. The sample was placed at a 45 ° angle with respect 
to the front of the energy analyzer to avoid photoelectron contributions from the sample 
holder. A double-pass cylindrical mirror analyzer with a pass energy of 5 eV was used to 
measure the photoelectrons. This analyzer accepts all electrons within a cone around 42 ° 
from the sample normal. A He discharge source was · differentially pumped using a 
mechanical pump as the first stage and a turbomolecular pump as the second and final 
stage. The source pressure was adjusted to optimize the He (I) emission that provides 
photons with energy of 21.21 e V. The discharge source was positioned slightly less than 
perpendicular from the face of the analyzer. Thus, the sample was illuminated at 
glancing incidence. To allow direct comparisons between the various modified surfaces, 
the binding energies were calculated with respect to the vacuum level. 
C. Preparation of nanoparticles 
1. Synthesis of In2S3 nanoparticles stabilized by thioglycerol (TG) 
The synthesis is described in Reference 15. To 25 ml de-ionized water, 0.050 g 
indium chloride and 0.18 mL ofthioglycerol was dissolved. The pH was adjusted to 3-3.5 
using 0.1 M sodium hydroxide. Under vigorous stirring, 3.39 mL of 0.1 M aqueous 
solution of sodium sulfide was added. The nanoparticles are formed in the solution as a 
pale yellow - white turbid suspension that is stable for a few days when stored in the 
dark. Indium sulfide nanoparticles were separated as a pale yellow powder from the 
mother liquor using isopropyl alcohol. 
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2. Synthesis of In2S3 nanoparticles stabilized by 1-amino-2-methyl-2-propanethiol 
hydrochloride (AMPT) 
The synthesis is explained in detail in Reference 15. In2S3 nanoparticles stabilized 
with AMPT was prepared similar to the Tg stabilized nanoparticles by dissolving 0.05 g 
indium chloride and 320 mg of AMPT in 25 ml de-ionized water. The pH of the solution 
was adjusted to 3-3.5 using 0.1 M NaOH. Under vigorous stirring 0.39 mL of 0.1 M 
aqueous solution of sodium sulfide was added. Stable indium sulfide nanoparticles, as 
white suspension, were formed in the solution. 
3. Synthesis of In2S3 nano particles stabilized by sodium citrate 
The nanoparticles were synthesized by first dissolving 0.05 g indium chloride and 
0.66 g of sodium citrate in 45 mL de-ionized water that was degassed with argon gas for 
15 minutes. The pH of the solution was adjusted to 3.5 using 0.1 M NaOH solution. This 
was followed by addition of 3 .39 mL of 0.1 M aqueous solution of sodium sulfide under 
vigorous stirring. Indium sulfide nanoparticles were formed in the solution as a pale 
white suspension. 
D. Characterization of nanoparticles 
The synthesized nanoparticles were characterized by the general methods of UV -
vis absorption, luminescence, XRD, TEM, EDAX and NMR. The instrumentation for 
these techniques was discussed previously in Chapter II. 
D.1. UV-vis absorption 
Different stabilizers were used to synthesize In2S3 nanocolloids. Figure 16, 17, 18 
are the UV -vis spectrum of In2S3 stabilized by thioglycerol, AMPT and citrate, 
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Figure 16. Absorption spectrum of 1) thioglycerol stabilized ln2S3 NPs and 
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Figure 17. Absorption spectrum of 1) AMPT stabilized In2S3 NPs and 
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Figure 18. Absorption spectrum of 1) citrate stabilized ln2S3 NPs and 
2) mixtureoflnCl3 and citrate 
31 O nm for AMPT and 290-315 nm for citrate stabilized nanocolloids. The step like 
shape of the bands indicates that these correspond to the valence-to-conduction band 
transitions in indium sulfide. In the case of bulk In2S3 the band gap (Eg) is reported to be 
in the vicinity of 2.0-2.2 eV with corresponding UV-vis onsets at 620-550 nm. 
Correspondingly, from the absorption onset in the UV-vis spectra, the band gaps ofln2S3 
nanoparticles are 3.5, 3.6 and 3.8 eV for TG, AMPT and citrate stabilized nanoparticles 
respectively. The increase in band gap is typical for the nanocolloids and indicates the 
strong quantum confinement 6• The position of the absorption onset is well within the 
range that was observed for similar In2S3 nanocolloids synthesized in the presence of 
1 d l"d · 68 69 po ymers an so 1 matnces ' . 
D.2. Transmission electron microscopy (TEM): 
The TEM images of the redispersed nanoparticles are shown in Figure 19. The 
crystalline nature of the prepared nanocolloid was observed in the high resolution TEM 
as seen in Figure 19. The EDAX data indicate the ratio of indium to sulfur in the particle 
as 4.1 :5.9, which is close to the expected ratio of 2:3 for In2S3. The Fourier transforms of 
the crystalline areas show lattice spacings equal to 2.6 and 2.9 A. These spacings 
correspond to (220) and (206) crystal planes of the tetragonal f3-In2S3 81·82. Figure 20 
shows the electron diffraction data of the nanoparticles and it reveals the presence of 
lattice spacings of 2.09, 1.21, 1.05, 0.79, 0.70 A. The diffraction circles at 2.09 and 1.21 
A correspond to the expected 2.06 and 1.20 reflexes with relatively intensity of 75 and 67 
originating from (309) and (840) lattice planes in f3-In2S3 83 . The 1.90, 1.64 and 1.40 A 
lattice planes in /3-In2S3 with relative intensity of 100, 58 and 88, respectively, is not seen 
in the nanoparticles. The other possible modification of indium sulfide is the a-In2S3 
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Figure 19. Survey a), b) and c) high resolution transmission electron microscopy 
images of thioglycerol stabilized In2S3 NPs. 
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Figure 20. Electron diffraction pattern of thioglycerol stabilized indium sulfide 
NPs. 
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form 83, which has strong signals at 1.89, 1.55, 1.09 and 0.94 A with relative intensities of 
100, 50, 80, and 50. Since there are no signals from this form of indium sulfide in the 
electron diffraction pattern, a-In2S3 form is ruled out. The single-crystal diffraction 
pattern could not be'obtained, as the nanoparticles are unstable under the electron beam. 
D.3. Nuclear magnetic resonance (NMR): 
The NMR study was carried out in the liquid state so that the dynamic behavior of 
thiol stabilizers adsorbed to the nanoparticle surface can be characterized. The 1 H NMR 
spectrum of unbound TG consists of five groups of peaks representing the protons on 
methylene and methane carbons Figure 21, trace 1. Assignment of the peaks is based on 
their relative position and the observed multiplet structure. Protons of -OH and -SH 
groups are not visible in these spectra due to their fast exchange with D20. The quintet at 
3.75 ppm represents the middle -CH(OD)- group because it is split by the two adjacent 
pairs of protons. The multiplets at 2.57 and 2.69 ppm correspond to CH2SD protons, 
while those at 3.56 and 3.64 ppm correspond to -CH2-0D signal. 
Upon binding to the In2S3 nanoparticle surface, signals from all the protons in TG 
become broader, as seen in Figure 21, trace 2. Additionally, the bands of -CH2S-In2S3 
undergo a shift from 2.70 to 2.85 ppm and that of-CH(OD) undergoe a shift from 3.77 to 
3.83 ppm. The protons of -CH20D broaden, without significant shift in its position. The 
magnitude of shift correlates well with the distance between the protons and the In2S3 
surface. The protons in the immediate proximity to the surface, i.e., -CH2S-In2S3, 
experience the strongest shift of 0.15 ppm. The signal of the protons in the next 
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Figure 21. NMR spectrum of 1) thioglycerol, 2) In2S3 NPs stabilized by thioglycerol, and 3) 3.0 nm CdS NPs stabilized by 
thioglycerol. Stars mark the signals from residual amounts of 2-propanol used for the precipitation ofln2S3 NPs. 
terminal end protons, -CH20D, remains virtually unchanged. This effect could be a direct 
consequence of binding to the positively charged metal centers on the nanoparticle 
surface with the high positive charge of indium withdrawing electrons from the thiol 
headgroup and a resulting depletion of the electron density along the chain of a-bonds 
affecting the first two carbon atoms and deshielding the associated protons. The 
broadening of the proton NMR for the bound TG could be attributed to the frustration of 
rotational and vibrational moment of the stabilizer when adsorbed to heavy nanoparticles. 
With limited motion of the bound TG, the rotational correlation time of the nanoparticles 
would be more influential in determining NMR relaxation parameters. The larger 
rotational correlation time of the coated nanoparticles in comparison to that of the free 
TG molecule would be associated with a shorter transverse relaxation time, T 2, and hence 
a broader line. 
The NMR spectrum of TG coating on the In2S3 quantum dots can be compared to 
the one obtained for a similar sized CdS nanocrystal Figure 21, trace 3 15. The shift 
pattern -CH2SH > -CH(OH) > -CH20H is consistent with the one observed for In2S3. On 
the other hand, the broadening of the TG signals on 3.0 nm CdS is much greater than for 
TG on In2S3. The bands partially merge, which is also accompanied by the complete loss 
of the fine structure. Since, as noted above, the width of the NMR signal largely depends 
on the mobility of the TG moiety, the motion of the stabilizer molecules on CdS is 
significantly more hindered than on the In2S3. This result can be understood by recalling 
the difference in crystal lattices of the two solids. In the case of CdS, the number of metal 
and chalcogen atoms forming the unit cell is equal. Unlike the group II-VI quantum dots, 
the metal atoms are in the minority in In2S3. In /3-In2S3, indium atoms are accommodated 
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in all octahedral sites and two-thirds of the tetrahedral sites of the basic cubic lattice 
produced by sulfur atoms. Note that in cubic CdS, the structural motif of small CdS 
clusters, all of these sites are filled by Cd atoms. The number of metal centers available 
for binding the stabilizer is naturally smaller in In2S3 than in CdS. The coating of the 
stabilizer becomes less dense, and therefore, the greater mobility of the adsorbed TG 
moieties lengthens T2, resulting in less broadening of the NMR lines. It is worth pointing 
out that the mobility of the TG group on the surface of both types of nanoparticles studied 
here is significantly lower than that of thiophenyl moiety previously investigated 49. This 
can be attributed to the multiple hydrogen bonds that the TG group can form with 
adjacent stabilizer molecules, as well with the semiconductor surface. 
D.S. Luminescence 
The prepared In2S3 nanocolloids exhibited relatively strong luminescence, as 
shown in Figure 22, 23 and 24, which had not been reported for the previously made 
indium sulfide nanocomposites 27,74,75,76,85'86. The origin of the luminescence peaks had to 
be verified as the indium ions might form complexes with the various stabilizers and 
sulfur molecule that could interfere with the optical spectra of the nanocolloids. The 
origins of the peaks were confirmed by the dialysis experiment. Aqueous solution of 
indium sulfide nanoclusters was dialyzed against deionized water for 24 hours (3 x 12 
hours) in a 15 kDa molecular weight cut off (MWCO) dialysis membrane. It is clearly 
seen in Figure 25 that there is no significant change in the peaks before and after dialysis, 
.and thus confirming the origin of luminescence peaks. The slight red shift in the peak 
from 365 nm to 375 nm is attributed to the aggregation of the nanocolloid due to the 
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Figure 22. Optical properties ofln2S3 NPs stabilized by thioglycerol. 1) UV-vis absorption 
spectra and 2) Luminescence spectra 
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Figure 23. Optical properties ofln2S3 NPs stabilized by AMPT. 1) UV-vis absorption 














































Figure 24. Optical spectrum of citrate stabilized In2S3 NPs. 1) UV-vis absorption 
spectra and 2) luminescence spectra 
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Figure 25. Optical properties ofthioglycerol stabilized In2S3 NPs. (l)UV-vis absorption spectra, 
(2) and (3) luminescence spectra before and after dialysis respectively 
small amount of the nanoparticles collapsed to form a white solid precipitate on the walls 
of the dialysis membrane. 
The closeness of the emission peaks to the absorption onset of the semiconductor 
indicates that this emission comes from the interband electron-hole recombination. The 
luminescence of In2S3 does not show the characteristic second luminescence peak or the 
trapped emission 55 • This lack of trapped emission is a useful feature of the prepared 
nanocolloids. 
The quantum yield of the In2S3 nanocolloids was measured with respect to 
Rhodamine B and p-quaterphenyl as standards. The quantum yield of the nanoclusters 
was calculated using the formula: 
<J)NP = <ps 0NPI Is) x (0Ds/O~p) 
where, NP and S stand for nanoparticles and the standard respectively, <p stands for the 
quantum yield, I is the integrated area of luminescence and OD is the optical density at 
the excitation wavelength. The peak position of the standard should approximately be in 
the same region of the spectrum as that of the nanoparticle whose quantum yield is being 
determined. Rhodamine B, which has a luminescence peak maximum at 585 nm, has 
been used as a standard for CdS and CdSe nanoparticles that have peaks in the 550-650 
nm region 14•55 • Since the peak maxima for the various In2S3 nanoparticles are in the 360-
3 80 nm range, the choice of rhodamine B as the standard would result in slight errors in 
the calculated values of the quantum yield. In order to minimize this error, p-
quaterphenyl (peak maxima at 365 nm) was selected as the standard 88•89• The .quantum 
yield (<p) value for Rhodamine B in ethylene glycol is 1.0 and that of p-quaterphenyl in 
ethanol is 0.71. The quantum yield for the prepared nanocolloids was found to be in the 
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range of 1.2-1.5%. This value is comparable to similarly synthesized thiol stabilized CdS 
and CdSe nanoclusters without any special epitaxial coating 36,91,92. 
D.6. Time resolved photoluminescence (TRPL): 
The most important observation in the lifetime measurement experiments is the 
relatively short lifetime for the NPs when compared to the same bulk material 36'92. The 
electron-hole pairs generated in the case of bulk materials are well separated. The 
electrons are highly localized and the excited states have long lifetimes. In the case of 
NPs, the recombination of the electron-hole is very much favored due to the size 
confinement. Because of this, the excited states have a relatively short lifetime. The 
lifetime obtained for the In2S3 nanocolloids was 5.3 ± 0.5 ns. It can be seen in Figure 26 
that the luminescence decay is monoexponential, unlike CdS or CdSe NPs that have a 
multiexponential decay profile 36,53,54. 
The nature of the valence-to-conduction-band transition in bulk In2S3 is a topic of 
debate. It is believed to be associated with an indirect electronic transition 80. There are 
some who consider it as a direct allowed transition 79a-f and some even consider it to be a 
direct forbidden transition 79g. Indirect band gap transitions are ruled out based on the 
following reasons. Phonons, which are quanta of the vibrational energy of the 
semiconductor crystal lattice, are involved in the indirect band gap transitions. These 
transitions are nonemissive 90 in nature due to the fast non radiative recombination via 
vibrational states. 
The lifetime of an em1ss1ve state is determined by two factors namely, the 
radiative and radiationless transitions to the ground states 75 . The nature of the 
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Figure 26. Time resolved photoluminescence spectrum ofln2S3 NPs, excited at 330nm and 
measured from (l) 356-390nrn, (2) 390-445nrn and (3) 356-445nrn 
one emissive state, which correlates with the monoexponential decay of the luminescence 
kinetics, the 
observed lifetime 't, true radiative lifetime 'to, and the quantum yield cp are related by 75 
cp = 'tho 
Using the above equation, the true radiative lifetime for In2S3 NPs was determined to be 
'to= 350 ns. For a blue-emitting CdS NPs, using similar calculations 75, the true radiative 
lifetime 'to= 1200 ns. The radiative lifetime of In2S3 NPs is significantly shorter than that 
of forbidden transitions. For instance, in oxidized silicon, it is in the range of 
microseconds 93 . Therefore, due to the shorter radiative lifetime and strong near band-
edge luminescence, it is concluded that the electron-hole recombination in these NPs 
occur through a direct allowed transition. 
E. Conclusions: 
New synthetic pathways to prepare In2S3 nanoparticles in colloidal form were 
achieved with considerable control on the optical properties. The structure, morphology, 
optical properties are significantly different from the II-VI class of NPs that was 
discussed in Chapter II. The observation of direct band-gap transition is quite significant 
for these types of semiconductor NPs. The strong luminescence in the 350-400 nm region 
had not been previously reported for In2S3 and therefore this opens up a new possible 
application for these materials. The ability of In2S3 to accommodate guest ions is a very 




IV. Chalcogen site surface modification of CdSe and In2S3 nanoparticles with RuBP 
A. Introduction 
Semiconductor NPs due to their small size have a very high surface area with a 
large percentage of atoms on the surface. Therefore modification of the surface can 
greatly influence the properties of the semiconductor NPs. As mentioned in the 
introduction in Chapter I, there are two main types of surface modifications - organic and 
inorganic surface modification. The organic capping involves the replacement of one 
organic stabilizer molecule with another stabilizer molecule. Since the stabilizer molecule 
is bound to the metal atom on the surface, this type of modification does not utilize the 
chalcogen atoms. on the surface. The inorganic capping of NP involves formation of a 
layer of the inorganic material on the surface of a preformed NP. The stabilizer molecule 
now binds to the metal atom on the surface of the new layer ofNP. Thus, in both types of 
modification, only the metal atom is utilized for the modification reaction. 
It has been reported previously that in CdSe NPs, the surface HOMO band 
consists of lone pairs of Se atoms and this level lies within the band gap 1'77• Therefore, 
for an effective modification reaction the Se or the chalcogen atoms on the surface could 
be used. This was the main purpose of the work; to exploit the chalcogen atom on the 
surface for modification reaction. 
The present method of modification reaction through the metal sites is convenient 
as the metal atoms are readily available on the surface. The metal atom has a high affinity 
to a variety of complimentary Lewis bases (thiols, amines, phophines, etc.) and the 
replacement of the stabilizer does not cause the NPs to grow 55'56'57• Using the same 
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Lewis acid-base chemistry, the chalcogen atom (which is a Lewis base) can react with 
Lewis acids in the surface modification reaction. Since the probability of finding the 
metal and chalcogen on the surface is nearly the same, the reaction through the chalcogen 
atoms should be feasible. However, finding a suitable Lewis acid to react with the 
chalcogen atom is quite difficult. The solvents generally used in the synthesis have a 
considerable electron donor activity and hence could compete with the chalcogen atom 
for the Lewis acids. To avoid this, a mild Lewis acid is used that will react only with the 
chalcogen atoms and not with the stabilizer or solvent molecules. 
Some of the properties that are desired in the Lewis acid to be used in the surface 
modification reaction are: 
1) presence of aromatic or n-conjugated systems to allow electronic interactions 
between the NP and the modifier. 
2) weak labile groups in the modifier that they can be readily displaced during the 
modification reaction. 
3) the atom (transition metal) that links the modifier with the NP should be able to 
form a strong bond with the chalcogen atom. 
4) the optical spectrum of the modifying group should not overlap with the bands 
of the NP so that changes of the modification reaction can be monitored by UV-vis 
absorption spectrum. 
Based on the above consideration for the choice of a mild Lewis acid, the weak 
labile ligands could be er, H20, NH3 and similar groups. The strong ligand with a 
distinct UV signature could be organic groups like bipyridine, phenanthroline, pyridine 
and similar groups. The modifier selected for this research work was a mixed ligand 
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complex with bipyridine groups, labile chloride ions and a transition metal, ruthenium. 
The molecule was ruthenium bis-bipyridine dichloride, which for brevity will be referred 
to as RuBP, and is shown in Figure 27. 
Figure 27. Structure ofRuBP 
A similar mixed ligand complex that was first attempted, in our research group, 
for the chalcogen site surface modification of NPs was a copper complex - CuBM where, 
CuBM is (2,2'-bipyridyl-N,N')(malonate-0,0') copper(II) monohydrate. CuBM was used 
to modify the surface of citrate stabilized CdS NPs 55'76 . The Cu - S bonding is strong and 
the spectral signature of CuBM is very distinct and does not overlap with the NP 
spectrum. The advantages of RuBP for the modification reaction in comparison with 
CuBM are the following: 
1) Greater volume of electron density is located in aromatic n-systems of the two 
bipyridine rings compared to only one in the case of CuBM, 
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2) This complex has absorption in the visible region of the spectrum, 490 nm, 
which simplifies the observation of electronic effects, 
3) The ruthenium atom can potentially form two bonds with the chalcogen atoms, 
therefore strengthening the supramolecule. 
One of the important observations during this modification reaction was the role 
of stabilizer molecules. The initial experiments used thiol stabilized NPs for the 
modification reaction. It was noticed that there was a competitive reaction between the 
chalcogen atoms and S atom on the stabilizer for the modifier molecules. This led to 
misinterpretation of the results, as there was no conclusive way to differentiate the 
modification reaction with the side products of the reaction. Therefore, to minimize these 
types of side reactions, a milder Lewis base had to be used as the stabilizer. The stabilizer 
selected for this purpose was sodium citrate. The three carboxyl groups of citrate act 
together to help stabilize the NP 14,55,59_ Interference of the modifying group with the 
oxygen of the carboxylic groups was not observed. 
Therefore, for all modification reactions in our laboratory, sodium citrate was 
used as the stabilizer for the NPs. 
RuBP modified CdSe nanoparticles: 
The rich chemistry for Ru(bipy)2Ch complexes have been used in the design of 
coordinative supramolecules 94,95• The two chloride ligands are quite labile and the 
resulting Ru-E (E = S, Se) bonds are very strong which make the choice of this complex 
very:suitable to study surface modification reactions. In addition, Ru (II) forms a series of 
complexes with heterocyclic compounds like bi pyridine and phenantroline 94,95 . This 
extends the family of Ru complexes that can be used for the modification reaction. 
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CuBM modified CdS nanoparticles: 
The modification of surface sites of CdS using CuBM was investigated by Tong 
Ni and is described in Reference 55 and 76. Some of the new results of this experiment 
will be discussed here. The UPS experiments were performed by Nicholas Materer 
(Department of Chemistry, Oklahoma State University, Stillwater, Oklahoma) on CuBM 
modified CdS NPs. The details of this experiment are given in Reference 55. The result 
from this experiment is used to explain some of the observations in the CdSe 
modification reaction. 
RuBP modified In2S3 nanoparticles: 
In2S3 NPs are quite different from the other NPs studied in our lab previously, due 
to the greater number of chalcogen atoms compared to the metal atoms in the unit cell 15. 
Since the modification reaction utilizes the chalcogen atom on the surface, this type of 
modification offers very interesting surface chemistry to investigate. 
The TEM data are adapted from Reference 55. Gordon Gainer at the Center for 
Laser and Photonics Research, (Oklahoma State University, Stillwater, Oklahoma) 
performed the time resolved photoluminescence experiments). Details of the 
instrumentation are described in Reference 15 and 55. Juvencio Robles (Facultad de 
Quimica, University of Guanajuato, Noria Alta s/n, Guanajuato, Mexico), Stefan Miissig 
(in Oklahoma State University on a research exchange program from University of 
Hamburg, Germany) and Nicholas Kotov (Oklahoma State University) carried out the 
theoretical calculations and molecular modeling studies. Details of the software and 
methodology are given in Reference 55. 
67 
B. Modification reactions 
B.1. CdSe_citrate NPs modified with RuBP 
To 3 mL of CdSe NP solution, 60 µL of 3mM aqueous solution of RuBP was 
added. The solutions were mixed and immediately introduced in the UV-vis 
spectrophotometer to monitor the modification reaction with time. There are changes in 
the spectra with time and the reaction comes to completion within 60 minutes of mixing, 
after which there was no more significant changes in the spectrum. The ratio of Cd2+: 
RuBP was calculated to be 1 :24 (m/m). The experiment was also carried out with 
different molar ratios, 1:12 (m/m) and 1:6 (m/m), of the modifier on the same sized NPs 
(CdSe - 30:1) and also on different sized NPs (CdSe - 10:1, CdSe - 4:1). All of these 
modification reactions showed similar trends and the results are discussed below. 
B.2. CdS_citrate NPs modified with CuBM 
The details of this experiment are explained in Reference 5 5. In brief, 60 µL of 3 
mM CuBM solution was added to a mixture of 1.5 mL water and 1.5 mL CdS NP 
solution. The sample was then introduced in the spectrophotometer. The changes in the 
reaction were monitored in-situ for 20 minutes, after which there were no more changes 
in the spectra. The ratio of the NPs to modifier was changed and also tried on different 
sized NPs, all of which showed similar trends in the modification reaction. 
B.3. In2S3_ citrate nanoparticles modified with RuBP 
To 3 mL In2S3 NP solution, 60 µL of 3mM aqueous solution of RuBP was added 
to study the modification reaction. The UV-vis spectra were monitored until there were 
no more observable changes in the reaction, which was about 60 minutes. The ratio of NP 
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to modifier was changed and the UV-vis absorption monitored for the modification 
reaction. 
C. Results ofRuBP modified CdSe_citrate NPs 
C.1. Structure of modified NPs 
The stabilizer molecule, citrate, is bound to the metal sites on the surface of the 
NP and the chalcogen site is accessible for the RuBP to bind to the NP. During the 
reaction, the two labile chloride molecules in RuBP are displaced and ruthenium with the 
two bipyridine units binds to the surface of the NP. Since the citrate on the metal site is 
not involved in the reaction, the stability of the NP is not affected. In the case of CuBM 
modified CdS NPs, a water molecule was displaced from the mixed ligand complex. This 
resulted in the attachment of Cu with a bipyridine and malonate unit on the surface of 
CdS NPs 55'76 . 
C.1.a. Optical absorption spectrum: 
The UV-vis absorption is a convenient tool to monitor the modification reaction. 
Since the UV spectra of the NP and the modifier are distinct, the evolution of spectra of 
the modified NP can be monitored by in-situ UV-vis absorption spectroscopy. The 
reaction was first tried on the CdSe (30: 1) with 60µ1 of 3mM aqueous solution of RuBP. 
The important changes in the UV-vis spectrum, as seen in Figure 28 are: 
* blue-shift of the 290 nm peak of RuBP to 285 nm, 
* red shift of the semiconductor NP core at 510 nm and, 
* new shoulder at 3 70 nm. 
The evolution of the modification reaction can clearly be monitored by the in-situ 
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Figure 28. Absorption spectrum ofRuBP modified CdSe NPs: 1) the arithmetic 
sum of the NP and RuBP, 2) after modification, 3) CdSe NP, and 4) RuBP 
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Figure 29. Evolution of the modification reaction with time 
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51 O nm for the NP core is accompanied by a decrease in the absorption maxima. If the 
modification reaction resulted in the growth of the NP, it would lead to a red shift in the 
absorption spectra but not decrease in the absorption maxima. It suggests that this shift is 
not due to the increase in the size of the NP but rather a phenomenon related to the NP 
core. It has been previously reported in literature that RuS2 can be synthesized from 
RuCh in the presence of H2S at high temperature101'102 The optical spectrum of these 
materials is in the visible region of the spectrum but do not overlap with the region of the 
NP in our case. Since the experiment was performed at room temperature, this rules out 
the possibility of the formation of a layer of RuS2 on the surface of CdSe NP to account 
for the red shift in the absorption spectrum in Figure 28. Similar observations were 
observed during the CuBM modification of CdS NP 55,76. Therefore, this red shift of the 
CdSe band edge is attributed to the perturbations of the electronic levels of the core, 
possibly due to expansion of the delocalization volume available for the CdSe core. 
The new peak/shoulder at 370 nm is distinct and does not interfere with the NP or 
the RuBP peaks. This could arise from new states being formed due to the mixing of the 
atomic orbitals of the two species. This new peak is seen in all the modification reaction 
with different ratios of RuBP, Figure 30. This further confirms the possibility of new 
electronic states arising from mixing of the energy states of NP and RuBP. To study the 
effect of selonourea on RuBP, RuBP solution was reacted with N,N,dimetylselenourea 
under similar experimental conditions. This is shown in Figure 31. The most important 
feature is a 210 nm peak from selenourea that is blue shifted to 205 nm after addition to 
RuBP, as shown in the inset of Figure 31. This blue shift could be in agreement with the 
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Figure 30. CdSe NPs modified with different ratios ofRuBP. The arrow indicates increasing 
concertration from 1: 12, 1 :24, 1 :36 and 1 :30, respectively. 
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Figure 31. Absorption spectrum of 1) RuBP, 2) RuBP with selenourea and 3) selenourea 
Inset: Blow up of the 200 - 320 nm range 
The modified NPs were dialyzed against water for 24 hours and the UV-vis 
absorption measured after that. This is shown in Figure 32. The spectrum of the dialyzed 
sample still shows the peaks that were observed after the modification reaction, namely 
the 290 nm peak from RuBP and red shifted CdSe band gap edge (see Figure 28). There 
is a significant decrease in the intensity of the RuBP peak of the spectrum suggesting that 
the attachment and detachment of RuBP is reversible to some extent. Based on the 
decrease in the absorption maxima of the 290 nm peak, it is estimated that the initial 
CdSe:RuBP ratio of 1:24 decreased to 1:15. In addition to this, the band gap edge is blue 
shifted to an intermediate level between that of the naked CdSe and modified NP. If the 
red shift of NP after modification was due to growth of the NP, after dialysis this peak 
should have reverted back to the original position before modification, but this is not 
observed. Hence, it further proves the formation of intermediate energy levels. 
C.1.b. Transmission Electron Microscopy: 
TEM images of CdS NPs and CuBM modified CdS NPs were recorded and no 
significant changes were seen before and after the modification reaction. 55 This shows 
that there was no growth in the size of the NP. This observation further confirms the 
formation of new electronic levels as seen in the red shift of the band gap in the UV-vis 
absorption. (See Figure 28). The UV-vis results of CuBM - modified CdS NPs and 
RuBP - modified CdSe NPs are very similar with respect to the red shift of the band gap 
absorption after modification. Due to the similarities in the CdS and CdSe systems, the 
explanations used for CdS NPs can be extended to that of CdSe NPs. The TEM images 
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Figure 32. RuBP modified CdSe NPs before and after dialysis 
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Figure 33. Transmission electron microscopy images of CdS NPs before (a) and 
after (b) modification NP:CuBM molar ratio of 1 :60. Size distribution before (a) 
and after (b) modification. (Adapted from Reference 55, 76) 
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Based on the above observations, the model structure of the modified NP can be 
represented as in Figure 34. 
-----
Figure 34. Proposed structure of RuBP modified CdSe NP supramolecule 
C.2. Optical properties of RuBP-modified CdSe NPs 
The UV-vis absorption spectrum clearly shows the effect of modification on the 
nature of the electronic states. The appearance of a new shoulder, red shift and decrease 
in the absorption edge of the NP core reveal the perturbation of energy levels in the CdSe 
NP core. These results were further corroborated by steady state luminescence and time 
resolved photoluminescence studies. 
C.2.a. Steady state luminescence: 
The modification reaction was also monitored by measuring the steady state 
luminescence before and after modification of the CdSe NPs with RuBP. The naked 
CdSe NPs have two distinct emission peaks, the excitonic emission in the 535-600 nm 
78 
and trapped emission in 665-735 nm regions. Upon surface modification, there is a strong 
decrease in the excitonic and trapped emission peaks, as shown in Figure 35. This 
development is seen in the modification reaction with different ratios of RuBP on CdSe 
(Figure 36), and also in differently sized CdSe NPs (Figure 37). 
Surface modification of NPs via organic or inorganic capping occurs by binding 
of the modifier to lower energy sites that are responsible for non radiative decay. 
Removal of such defects enhances the excitonic emission. This phenomenon is not 
observed in the case of RuBP modified CdSe NPs, which makes them quite unique. 
Chalcogen site surface modification most likely creates new photophysical pathways for 
the excitation energy dissipation, which is reflected by reduced emission intensity. This is 
further investigated by the TRPL studies. The luminescence of the modification reaction 
with different CdSe:RuBP ratio is shown in Figure 36. It can be seen that as the ratio of 
Cd2+: RuBP increases from 1 :0 to 1 :24 (m/m), the trapped emission completely 
disappears, indicating complete quenching of the surface states. 
As with the UV-vis absorption spectra, the luminescence of the modification 
reaction was measured before and after dialysis. This is shown in Figure 38. The UV-vis 
absorption studies suggested that the adsorption of RuBP is reversible, due to the 
recovery of the peaks after dialysis to positions that were seen before modification. 
However, this was not observed in the luminescence measurements. The trapped 
emission peak should have recovered, resulting in an increase in intensity after the 
dialysis. But, this was not observed and on the contrary, it decreased in intensity. In 
addition, there is no recovery of the excitonic emission peak. This is unlike the previous 
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Figure 35. Luminescence spectrum of CdSe NPs and RuBP modified CdSe NPs 
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Figure 36. Modification reaction on CdSe NPs with different ratios of RuBP. 1) CdSe NPs, 
CdSe:RuBP ratios of2) 1:12, 3) 1:24 and 4) 1:18, respectively 
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Figure 37. Luminescence spectra of different sized CdSe and RuBP 
modified CdSe NPs a) CdSe (30:1), (b) CdSe (10:1) and c) CdSe (4:1). 
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Figure 38. Steady state luminescence of CdSe and RuBP modified NPs : 1) CdSe NPs, 
2) after modification and, 3) modified NP after dialysis 
trapped emission peaks was seen55'76• It can be suggested that during the dialysis, some of 
the RuBP is partially removed from the surface of CdSe. However, the dialysis and 
removal of the modifier also result in partial oxidation of the surface of CdSe and hence, 
luminescence quenching. 
C.2.b. Time Resolved Photoluminescence (TRPL): 
Time resolved photoluminescence was used to further understand the effects of 
surface modification on the NPs. The trapped emission results from the recombination of 
charge carriers trapped in the surface and defects of NPs. The lifetime of these emissions 
will undergo changes when there is surface modification of some kind. It was observed 
that the lifetime increased from 54 ns for naked NPs to 67 ns for RuBP modified NPs 
Table 3, whereas the intensity of emission peak decreased. This observation is unique 
because it contradicts the accepted scheme of dynamic quenching mechanism for NPs, 
which result in decrease in both the lifetime and intensity due to nonradiative processes 
75• In some instances, such as static quenching, the lifetime may remain the same for the 
quenched electronic state being determined by unassociation with quencher molecules, 
but it never increases 75 • 
Table 3. Lifetime of CdSe NPs and RuBP modified CdSe NPs 
Sample Life time, ns Life time, ns 
(540 nm peak) (670 nm peak) 
Unmodified CdSe 2.3 54 
CdSe+RuBP 
1:6 (m/m) 2.3 53 
CdSe+RuBP 
1:12 (m/m) 2.1 60 
CdSe+RuBP 
1:24 (m/m) 1.7 67 
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The explanation for the effect of lifetime elongation is that there is the formation 
of new delocalized electronic states involving the NPs and the modifying group. The 
formation of the new levels is seen in the excitation spectrum of modified NPs, Figure 
44. The excitation spectrum registered at 675 nm coincides with the absorption spectrum 
of the absorption spectrum of the unmodified NPs, repeating all the features Figure 39, 
trace b. In addition, the new band at 370 nm that was observed in the absorption spectrum 
(Figure 28) is also seen here. All these observations confirm the formation of new levels 
due to the delocalization of electronic states of CdSe NPs and RuBP. 
As mentioned earlier, the HOMO states of the NPs are made up of the orbitals 
from chalcogen atoms and the atomic orbital of cadmium contribute to the LUMO states. 
In the case of the supramolecule formed by the RuBP modification of Cd Se NPs, there is 
more contribution to the LUMO states from the metal center of RuBP. This observation 
is based on the results from the excitation spectrum in Figure 39 and 40. In the excitation 
spectrum registered at 675 nm after the attachment of RuBP, the characteristic peak of 
RuBP at 290 nm is seen. The peaks in Figure 40, trace 4 and 5 are not as distinct as 
compared to the UV absorption of free RuBP in water Figure 40, trace 1, which is due to 
the formation of Ru - Se bond. This peak shows that there are indeed some LUMOs, 
which have contributions from the RuBP complex and the excitation of the 
supramolecules to these LUMOs result in the trapped emission in the 665-735 nm region. 
The excitation spectrum also shows that the emissive state can be populated from both 
























Figure 39. a) Absorption spectrum of unmodified CdSe NPs and b) excitation 
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Figure 40. Optical spectrum ofNPs. Absorption spectra of 1) RuBP, 2) CdSe and 3) RuBP 
modified CdSe NPs. Excitation spectra of modified CdSe 4) Aem = 540 nm and 5) Aem = 675 nm 
absorption features of both CdSe (absorption edge at 540 nm) and RuBP (peak at 275 
nm). The population of these emissive states should be facilitated by the delocalized 
orbitals. 
C.2.c. Molecular modeling studies 
Another approach to understand the excitation transfer between the NP and the 
modifier was through theoretical calculations 96•97 . In spite of good hardware and 
software available for calculations, all the atoms in the NP cannot be considered for the 
model. Therefore, as reported earlier, a small cluster model was used to simulate the NP-
modifier system. 
The model shown in Figure 41-structure a, is only a representation of a small part 
of the NP surface and consists of four Se atoms and five Cd atoms. The RuBP molecule 
is attached to the surface of the NP through the Se atoms. Optimized geometry was 
obtained for this particular model. We initially obtained a semiempirical PM3 optimized 
geometry. Other models with different arrangements of atoms were tried but the 
geometry failed to converge. 
Upon completion of the calculations, the distributions of electronic states were 
obtained, as shown in Figure 41-structure b, c. The HOMO levels are situated on the Se 
atoms. The p-orbitals of Se are coupled to the valence band of the NP core. This results in 
expansion of the delocalization area for the charge carriers in the valence band. This 
explains the red shift seen in the UV-vis absorption seen in the case of RuBP modified 
CdSe NPs (See Figure 28). Even though the HOMO level is concentrated in the CdSe 
part of the supramolecule, it can be clearly seen that there is a definite contribution from 




Figure 41. Molecular structure and the orbitals of CdSe - RuBP model cluster 
computed at PM3 level of theory. Atoms are color coaded as follows: Cd (green 
with yellow dots), Se (red with green dots), Ru (black), C (blue), H (red with blue 
dots), and N (pink). The positive and negative regions of the orbitals are depicted 
as red and blue clouds. 
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only when there is mixing of the electronic states of NP and the modifier. Similarly, the 
LUMO levels have contributions from Cd atoms on the surface of the NP and the 
aromatic bipyridine group of the modifier. From the PM3 molecular modeling studies, it 
is clear that there is a definite contribution to the HOMO and LUMO levels from both the 
CdSe and the RuBP molecules. This is made possible by the intermixing of the atomic 
orbitals in the supramolecule. This relaxation of the orbitals should result in the 
elongation of lifetime of the trapped exiton and this was confirmed by the time resolved 
photoluminescence experiments (See above). 
Ultraviolet Photoelectron Spectroscopy (UPS) 
· The signature of the delocalized states is difficult to see in UV-vis absorption, but 
it can be seen in the UPS spectra of the modified NPs. In the case of CdS NPs modified 
by CuBM, the UPS experiments clearly demonstrated the reorganization of the electronic 
states upon modification. There are a lot of similarities in the case of CdSe and CdS 
system with respect to the surface modification via the chalcogen site, as seen in the UV-
vis, TRPL, PM3 molecular modeling studies. The results obtained from the UPS studies 
on CuBM modified CdS NPs can be used to understand the electronic nature of the 
modified CdSe NPs. The important characteristics seen for the naked NPs in the UPS 
spectrum in Figure 42,a, are the strong peak at 12.5 eV and a weak shoulder at 16.5 eV. 
Upon modification with CuBM there is a formation of a new strong peak at 18 e V and 
disappearance of the 16.5 eV peak, as seen in Figure 42, b. In addition, the onset of the 
UPS signal, which represents the top of the valence band of CdS, shifts to a lower 
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Figure 42. UPS spectra of CdS NPs 1) before and 2) after modification with CuBM 
in the UPS peak, from 12.5 eV to 11.5 eV. It is essential to note that there is a very low 
photoelectron ejection cross section in the case of II-VI semiconductors and typically a 
signal cannot be seen when excited with a regular He UV light source. For the surface 
states, synchrotron UPS setups are normally used. The delocalizations involving the 
aromatic systems of the new surface states should significantly increase the UPS cross-
section as compared to the parent states. Hence, the red shift seen in the UPS is attributed 
to the formation of new electronic states. 
It can be concluded from the results of UV-vis absorption, X-ray photoelectron 
spectroscopy, steady state luminescence, time-resolved photoluminescence and the PM3 
molecular modeling studies that upon surface modification, there is formation of new 
electronic states with contributions from both the NP core and the aromatic group of 
modifier through the metal atom. This results in the formation of a new supramolecule 
with delocalized surface states. Such systems would be of great interest for the many 
applications of the NPs. 
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D. Results of RuBP modified In2S3_ citrate NPs 
One of the main differences in the surface modification reaction via the chalcogen 
sites in the case of In2S3 NP and previously reported CdS and CdSe NPs, is the increased 
number of chalcogen atoms on the surface. Since the ratio of chalcogen to atom in the 
unit cell is greater, the probability of available sites on the surface for modification 
increases. This, in principle should increase the feasibility of this kind of modification 
reaction. As discussed in Chapter III, In2S3 can accommodate guest atoms in the vacant 
interstitial sites and improve its magnetic and semiconductor properties. Therefore, this 
extends of family of NPs available for chalcogen site surface modification reaction and 
further widens the scope of application for these NPs. Results of the surface modification 
ofln2S3 NPs with RuBP are discussed below. 
D.1. Structure of modified NPs 
D.1.a. Optical absorption spectrum: 
In-situ UV -vis absorption was used to monitor the changes in the modification 
reaction. The NP has a peak at 305 nm and RuBP has characteristic peaks at 290, 350, 
490 and 650 nm. The UV-vis absorption spectrum of the modification reaction is shown 
in Figure 43 and the changes seen are: 
* blue shift of the RuBP peak from 490 nm to 450 nm 
* complete disappearance of the 650 nm RuBP peak 
* shoulder at 320 nm decreases 
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Figure 43. UV-vis absorption spectra of l)ln2S3 NPs, 2) RuBP, 3)RuBP modified ln2S3 NPs 
and 4) arithmetic sum ofln2S3 NP and RuBP 
' Changes to the semiconductor core arising from the modification reaction are not 
very distinct, due to the overlap of the NP and RuBP peaks. One of the limitations of this 
reaction was the inability to observe the modification reaction on different sized NPs. The 
various synthetic conditions for In2S3 NP synthesis always resulted in the same sized NP. 
Hence, the modification reaction could not be followed with respect to the changes in the 
NP core. The RuBP still underwent significant changes in the UV-vis spectrum, which 
was used to study the modification reaction. 
The effect of Na2S on the UV-vis spectra of RuBP was studied by mixing a 
solution of RuBP and Na2S. This is shown in Figure 44. It is clearly seen that upon 
addition of Na2S, the RuBP peak at 240 nm is blue shifted to 220 nm. This peak is not 
due to the Na2S peak or a result of mixing to these two solutions but rather due to the 
formation of new electronic states. In addition, there is no significant change in the 
position of the 350 nm and 490 nm peak upon mixing with Na2S. In the case of the 
modification reaction, these peaks are significantly blue shifted, Figure 43. This could be 
facilitated by the formation of new electronic states involving the orbitals of In2S3 NPs 
andRuBP. 
Different ratio of modifying group and NPs were used to study the modification 
reaction. The concentration of the NPs was kept constant and the amount of RuBP was 
changed from 1 :0 to 1 :48 (m/m). Irrespective of the ratio used for the modification, the 
same changes in the UV-vis spectrum were observed in all the reactions. These are 
plotted. in Figure 45. The UV-vis spectra were more characteristic for modification 
reaction in some of the samples as compared to others. One explanation for this is that for 
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Figure 45. UV-vis absorption spectra ofln2S3 NP, 60 µl RuBP and modified NPs with 
different ratios ofRuBP. The arrow indicates increase in concentration. 
sites are occupied or attached to the RuBP, additional RuBP cannot react with In2S3 and 
therefore will not significantly change the spectrum. In the case of RuBP modified In2S3 
NPs, this ratio was found to be 1 :24 NP: RuBP (m/m). 
D.2. Optical properties of modified NPs 
The UV-vis absorption measurements clearly demonstrated the effect of 
modification on the nature of electronic states of the NPs. Blue shift of the peaks 
associated with RuBP and formation of new peaks, which could be due to the formation 
of new energy levels. Steady state luminescence and time resolved photoluminescence 
experiments were used to support these results. 
D.2.a. Steady state luminescence 
As explained earlier in this chapter, the modification reaction was carried out on 
the citrate stabilized NPs. The surface of In2S3 NPs stabilized by sodium citrate was 
modified with RuBP. The characteristic features for the In2S3 NPs, seen in the steady 
state luminescence are: a) a very broad excitonic emission band and b) no trapped 
emission peaks. This is shown in Figure 46. Upon addition of different ratios of RuBP, 
there is an increase in the intensity of the excitonic emission, as shown in Figure 4 7. It 
has been reported in literature that surface modification of NPs helps eliminate some of 
the defects that are responsible for non-radiative decay and thereby enhancing the 
excitonic emission 47·36. This is indeed observed in the case of RuBP modified In2S3 NPs. 
This is very different from the results obtained for similar type of chalcogen site surface 
modification involving CdS NPs 55•76 and CdSe NPs (see above). In the case of CuBM 
modified CdS NPs, upon surface modification, there was no change in excitonic emission 
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Figure 46. Steady state luminescence ~fln2S3 NPs 1) before modification and 
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Figure 47. Steady state luminescence ofln2S3 and ln2S3 NP modified with different ratios ofRuBP 
1) ln2S3 NP, NP:RuBP ratio of2) 1:6, 3)1:12, 4)1:18, 5)1:24, 6)1:30, 7)1:42 and 8) 1:48, respectively. 
Inset: Fluorescence intensity vs concentration of RuBP, with linear curve fit 
there was decrease in both the excitonic and trapped emission peaks. Based on the UV-
vis absorption data, the increase in emission could also be due to the formation of new 
electronic states involving the NPs and the modifier. 
D.2.b. Time Resolved Photoluminescence 
Time resolved photoluminescence was used to understand the photophysical 
pathways for the exciton dissipation. The lifetime of emissions should undergo changes 
when there is surface modification of the NPs. The lifetime increased from 188 ps for 
naked NPs to 323 ps for (1: 24 m/m) RuBP modified NPs. The lifetime NPs and the 
different ratios of modifier - NP are in Table 4. 
Table 4. Lifetime ofln2S3 NPs and RuBP modified In2S3 NPs 
Sample Life time, ps 
Unmodified In2S3 188 
In2S3 +RuBP 
1:6 (m/m) 196 
In2S3 +RuBP 
1:12 (m/m) 210 
In2S3 +RuBP 
1 :18 (m/m) 244 
In2S3 +RuBP 
1:24 (m/m) 323 
In2S3 +RuBP 
1:30 (m/m) 303 
In2S3 +RuBP 
1 :36 (rn/m) 308 
In2S3 +RuBP 
1:42 (m/m) 333 
In2S3 +RuBP 
1 :48 (rn/m) 228 
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It can be seen that there is a linear increase in the lifetime with increasing 
concentration of RuBP from 1 :0 to 1: 24 (m/m). This is in agreement with the increase in 
luminescence as seen in Figure 47. There was no observable trend for the ratios 1:30 -
1 :48 in contradiction of the results obtained in the luminescence studies. One explanation 
for this could be the instability of the NPs to the strong laser pulse used in the TRPL 
measurement. 
The excitation spectra of the NPs and modified NPs could be compared to the 
UV-vis absorption spectra to study the formation of these new electronic states. This was 
done in the CuBM - CdS 55'76 and RuBP - CdSe NP systems. However, this experiment 
could not be carried out with the RuBP system. The excitation wavelength selected for 
the steady state emission was in the 220-260 nm range. This wavelength is not ideal for 
this NP system because, this wavelength can excite the organic species in the solution 
and they tend to overlap with the peaks of NPs. Therefore, the excitation spectrum will 
have contributions from all the species in the solution and resulting in a broad featureless 
spectrum. This was indeed the case in ln2S3 NPs and RuBP modified ln2S3 NP system. 
Future directions: 
One of the limitations of this modification reaction was the broad size distribution 
of the citrate stabilized ln2S3 NPs. It would be desirable to have a narrow size distribution 
to understand the photophysics of these nanoclusters. Since the peak of RuBP coincides 
with the absorption edge of the NPs, it would be desirable to follow the modification 
reacti!on on a different sized NPs. Larger sized NPs would be desirable as they would 
I 
require a longer excitation wavelength, where the interference from organic species will 
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be minimized. This will be useful to study the excitation spectrum of the NPs and 
modified NPs. 
E. Conclusions 
Citrate stabilized CdSe and In2S3 NPs were synthesized and the surface 
modification with RuBP, via the E-site, was achieved. The modification resulted in 
mixing of the energy states of NP and RuBP and lead to the formation of new energy 
levels. This was observed by changes in the UV-vis absorption, luminescence, excitation 
spectrum, TRPL and XPS measurements. In the case of CdSe NPs, the important 
observation was the increase in the lifetime of trapped emission in spite of decrease in 
peak intensity after modification. This was due to the formation of new delocalized 
electronic states involving CdSe NPs and RuBP. Surface modification ofln2S3 NPs led to 
passivation of the surface resulting in an increase in the excitonic emission peak. This 
research demonstrated the effect of surface modification on the luminescence properties 
of newly synthesized In2S3 and CdSe nanocolloids. This type of surface modification 
helps understand the surface of the NPs and opens new pathways to synthesize 
supramolecules with rich photochemistry. 
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Conclusions 
Stable, water soluble CdSe NPs were synthesized. The unique features of the 
sodium citrate stabilized NPs were the narrow size distribution and relatively easy 
method to control the size of the NP formed. In addition, the starting material for the 
synthesis was cadmium perchlorate, which is less toxic when compared to dimethyl 
cadmium that is generally used to prepare CdSe NPs. The ability to synthesize these NPs 
in water opens the way for a variety of new applications for these materials. The CdSe 
NPs is very useful for core-shell modification reaction due to the lability of the stabilizer. 
· In2S3 NPs were ~ynthesized by the colloidochemical method as stable aqueous 
dispersions, which had not been attempted so far in literature. These NPs were 
synthesized as stable dispersions with a variety of stabilizer molecules. The structure and 
properties of these NPs were very distinct from the previously studied CdSe NPs. 
Luminescence from semiconductor NPs are reported only in the visible region, but In2S3 
fluoresce in the UV region and therefore extending the optical window for applications of 
! 
' 
NP materials. The ability of In2S3 to accommodate guest atoms can be used to improve 
the properties of these NPs. 
New approach to the surface modification reactions of semiconductor NPs was 
attempted. The chalcogen site of the NP on the surface was used to modify the NP by the 
addition of mixed ligand complexes. Citrate stabilized CdSe and In2S3 NPs were modified 
by Ruthenium bis-bipyridine dichloride complex. The modification reaction resulted in 
the f~rmation of a supramolecule with new energy levels. The formation of these bands 
was observed by the changes in the UV-vis absorption, steady state luminescence, 
excitation spectrum and the time resolved photoluminescence. In the case of CdSe NPs, 
104 
upon modification the lifetime of emission for the trapped em1ss1on increased with 
increasing concentration of modifier. This is explained by the formation of new 
delocalized electronic states involving the orbitals of CdSe NPs and RuBP. In the case of 
In2S3 NPs, modifications of NP lead to the passivation of the surface resulting in increase 
in the luminescence intensity. Thus, NPs with different surface properties behave 
differently to the modification reaction. This helps us to understand the surface properties 
of the NPs. The modification reaction can be used to make new supramolecule complexes 
with rich photochemistry. 
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